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I. INTRODUCTION 
Since the discovery that beta radiations have continuous 
energy distributions, the form of that distribution has been 
the object of much study. A big step in explaining the con­
tinuous energy spectrum was made with Pauli's neutrino hypoth­
esis in 1932. With this hypothesis, the bell-shaped distri­
bution is understood to arise from a statistical sharing of 
the transition energy by the electron or positron and another 
undetected particle with no electric charge and with a rest 
mass much less than that of an electron. By ascribing a 
spin quantum number of i to this "neutrino," one was able to 
retain the ideas of conservation of angular momentum, linear 
momentum, and energy, all of which were apparently violated 
by the systems of known particles. 
The first successful quantitative theory was given by 
Fermi in 1934 (1) and with a slight change, which abandons 
the principle of parity conservation, it is accepted today. 
A modification by Konopinski and Uhlenbeck (2) (known as the 
K-U theory) was presented in 1935 because it seemed to better 
fit the data which had been published at that time. However, 
subsequent improvement in experimental methods brought 
results more and more into agreement with the Fermi theory 
and by 1943, when Konopinski's classical review article on 
beta decay theory appeared (3), the basic principles seemed 
well established. 
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The agreement of theoretical prediction with experi­
mental results continued to improve with time as better 
experimental procedures were developed (4) and more accurate 
calculations made of the theoretical functions. With the 
generally good agreement existing between theory and experi­
ments, it seemed timely to undertake a closer study, to get 
indications of the fidelity of the intermediate-image beta-
ray spectrometers in use at the Ames Laboratories, and to see 
whether or not small deviations from theoretical predictions 
might be detected. During the preliminary stages of this 
research the results of Langer and associates (5,6) were pub­
lished. They reported a definite deviation from theory in 
the shapes of beta spectra from Na*^, In^^, P®*% and Y^. 
Therefore these same isotopes, all of which have pure G-T 
147 transitions, were studied in the investigation. Pm was 
also examined although the theoretical basis for predicting 
the spectral shape is less certain. However, close studies 
with Kurie plots report an allowed shape (7,8,9) for the 
147 Pm beta group and the low energy coupled with the ease 
of preparation of thin sources with a high activity, made it 
advantageous for examining the performance of the spectrom­
eter in the region below 200 kev. 
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II. DISCUSSION OF THEORY 
The theory of beta decay with applications to beta 
spectral shapes has been well presented in various review 
articles (3,4,10). The latter paper considers the effect of 
parity nonconservation and concludes that it makes little 
difference in general shape studies. 
The basic beta decay reactions may be written: 
For 13 ":ZA- (Z+1)A+ e" + y }(H + yP+e"). 
For $ + iZA-» (Z-l)A+ e+ + y ; (P + e -»N+ y ). 
Here ZA stands for a nucleus of atomic number Z and 
mass number A while e" and e+ denote an electron and a posi­
tron, respectively. Also, y , y , P, and N are symbols for 
a neutrino, an antineutrino, a proton, and a neutron, respec­
tively. The antineutrino is taken by definition to be the 
lightest particle given off in the case of negative beta 
emission. Then one may think of both transformations as 
having two particles annihilated and two others created as 
indicated in the parenthetical expressions for the reactions. 
Antiparticle emission is equivalent to absorption of a 
particle from the filled negative kinetic energy states, 
leaving a hole in the "Dirac Sea". 
In quantum-mechanical first-order perturbation theory, 
the transition probability per unit time, P, is proportional 
to the square of the matrix element of the interaction 
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hamlltonian between the initial and final states of the 
system multiplied by the density of the available final 
states, p , i.e., 
P = (2 7r/h) |<f iH | i > | 2  p  .  (1) 
In considering the interaction hamlltonian, the situa­
tion of particles being created and destroyed is paralleled 
by the creation or annihilation of photons through the inter­
action of charged particles and an electromagnetic field. 
Here the interaction energy per unit volume is 
H = pXfi- (1/c2) "j-A, 
where p ' is the charge density, 0 the scalar potential, c 
the velocity of light in a vacuum, "J the current density, 
and Î the vector potential. This is the scalar contraction 
of the four-vector current fJ,ic/>') and the four-vector 
potential (Î,ic0). Fermi made a four vector of the lepton 
wave functions, ( t// * a <p , i^ * <p ) , where a is the Dirac a 
operator, t/z the electron wave function and <p the neutrino 
wave function. Similarly he made a four vector, (¥ *5 <ï> , 
i¥*$>), using the neutron and the proton wave functions of 
the nucléons, ¥ and <$> , respectively. The interaction 
hamlltonian was then assumed to be proportional to the 
scalar contraction of these four vectors; 
Another case where photons are created or destroyed is 
found in the interaction of an electromagnetic field and a 
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particle having a magnetic moment. Here the interaction may 
be written as a scalar contraction of two tensors. However, 
there may be still other interaction forms not previously 
encountered in nature which meet the requirement that H must 
be a relativistically invariant scalar. If one restricts 
the forms to scalar contractions of bilinear elements in the 
nucléon and in the lepton wave functions, then there are 
five possible forms that conserve parity (3). These are 
designated as S, V, T, A, and P because they are scalar 
contractions of scalar, vector, tensor, axial vector, and 
pseudoscalar quantities, respectively. Similarly, there are 
five possible forms with odd parity (10) that are designated 
as s', V*, T?, A*, and P!. 
Because there has been no compelling a priori basis 
for selection of any one or combination of these, the general 
procedure has beefi to work with all possibilities and to test 
their predictions with experimental data. Until the dis­
covery of parity none on s e rva t i on in 1958 only the parity-
conserving forms were considered. Since that time, rapid 
progress has been attained as experiments in angular corre­
lations and circular polarization have yielded much evidence 
for a V-A interaction (11). Here the symbols V and A are 
redefined to contain equal parts of the even and odd parity 
forms defined above. 
The electron and neutrino have long De Broglie wave­
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lengths compared to the radius within which the nucléons 
principally exist, the "nuclear radius". The contributions 
of the lepton wave functions outside this radius must be 
small, therefore the neutrino wave function may be treated 
as a plane wave while the electron wave function, which is 
affected by the atom's electrostatic field, may be Fourier-
analyzed into plane wave components. Thus the product term 
in ^ and <p will bring into <f | H| i> terms proportional to 
exp [-1(17 + q) • r/h] , where 77" is the electron momentum and 
q is the neutrino momentum. This factor plays a role like 
that of the retardation factor in electromagnetic radiation. 
There the exponential is expanded into a power series to 
obtain the various multipole orders. Since the nuclear 
radius R « h/|^ + q|, this exponential may also be expanded 
as a power series in [(77* + q • r/îï\ • If nuclear selection 
rules do not cause it to vanish, the first term will usually 
be much larger than subsequent terms so that the latter may 
be neglected. In this case the transition probability will 
be relatively large and the transition is said to be of the 
"allowed" type. If the nuclear matrix elements for the first 
term vanish, the subsequent terms must be considered and the 
transition is termed as "1st forbidden", "2nd forbidden", 
etc., according to the number of vanishing terms before the 
first nonzero one. The transition is retarded by factors of 
100 or more with each increase in order of forbiddeness. 
A physical interpretation of the degree of forbiddeness is 
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that the electron-neutrino pair is emitted with an orbital 
angular momentum quantum number equal to the forbiddeness. 
For the particles to have orbital angular momentum they must 
originate away from the center of the nucleus so that in­
creasing forbiddeness decreases the accessible volume within 
which they may be created, in turn decreasing the probability 
of the transition. Actually, except for the tailing of the 
lepton wave functions into the nuclear region and of the 
nucléon wave functions beyond the normal nuclear radius, the 
forbidden transitions could not occur at all for pure single-
particle nuclear states. 
The selection rules for beta decay depend on the form 
of the interaction. Those for the vector interaction are 
called Fermi selection rules because they were developed 
from Fermi's choice of interaction form. The rules for an 
axial vector interaction are called Gamow-Teller (or G-T) 
selection rules. The rules are shown in Table I where the 
spin change of the nucleus is denoted by A I. 
In many cases the selection rules permit a mixed Fermi 
and G-T transition. However, by examination of Table I, 
one may find transitions which are pure Fermi or pure G-T 
transitions because the selection rules forbid the other 
interaction from taking part. When A I = + ( n+1), where n 
is the forbiddeness of the transition, only the axial-vector 
interaction can participate and a pure G-T transition 
results. Except for Pm^^ all transitions investigated in 
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Table 1. Selection rules for beta decay 
Order of 
forbiddeness 
Allowed 
(no parity change) 
First forbidden 
(parity change) 
Second forbidden 
(no parity change) 
Fermi 
(V) 
A 1= 0 
A 1 = 0,11 
(no 0—0) 
AI = 0,tl,*2 
(no o-o,i-i,o—1) 
Gamow-Teller 
(A) 
A 1 = 0, = 1 
(no 0-*0) 
A I = 0,t 1, t 2 
(no 0-»0,i-»i,0*l) 
Al * 0,t 1, ±2,t 3 
(no 0-0,i,0—1, 
1-»1, 0-"*-2) 
this work are of this category. 
The shell model of the nucleus is expected to give a 
good description of nuclear states in terms of single-
particle states. There has been a general agreement in the 
predictions from nuclear-shell theory and the results of beta 
decay data in regard to forbiddeness of transitions. Thus 
the theories have tended to support each other. Nordheim 
(12) pointed out that some Al = ±l transitions with no parity 
change might be forbidden in that the single-particle states 
involved have orbital angular momentum changes of two quantum 
units. Thus the only way for the allowed transition to take 
place is through configuration mixing, i.e., the actual 
nuclear states are not identical to the shell-model single-
particle states but may be expressed more accurately with 
small admixtures of other single-particle states. These 
components may allow the transition to take place but the 
rate will be correspondingly reduced. These transitions are 
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then classified as Jl-forbidden transitions. Since the 2nd-
forbidden matrix terms are present and may not be similarly 
retarded, a small deviation from the allowed shape may appear 
if the allowed term is sufficiently diminished. 
As previously stated, a V-A interaction form is now 
generally accepted. A physical interpretation of this beta 
interaction is as follows. The four-vector lepton and 
nucléon wave currents given in the vector interaction may 
each be broken up into two components, circularly polarized 
in opposite directions. Only the components which are left 
handed, I.e., counterclockwise with respect to the direction 
of motion, may interact. Thus it appears that Fermi came 
about as close to choosing the correct interaction as was 
possible without overthrowing the parity principle. The 
axial-vector part of the interaction results in a triplet 
spin state for the electron-neutrino pair, thus leading to 
G-T selection rules, while the vector part results in a 
singlet lepton state and leads to the Fermi selection rules. 
For transitions where A I = tl with no parity change, 
the decay is of the allowed type with only the axial-vector 
interaction participating. Then, from Equation 1, the prob­
ability of the electron having a momentum between rj and 
7) +di7 may be written: 
N(77)drj =GA2|MA|2F (tZ,i7)i?2 (WQ-W)2di7, (2) 
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where the plus sign applies for electron emission and the 
minus sign applies for positron emission. Here GA is the 
coupling constant giving the strength of the axial-vector 
interaction, MA is the allowed nuclear matrix element, and 
F(tz, 7) ) is a shape factor arising from the effect of the 
electrostatic field of the residual nucleus. W is the elec­
tron energy and WQ is the maximum electron energy - (the tran­
sition energy). The remaining factors are derived from 
statistical mechanics considerations, since d p , the density 
of available states in phase space for the electron (posi­
tron) sharing the transition energy with a(n) (anti) neutrino 
with momentum q, may be written: 
d p  -  r j  2q2di7 = 172 (WQ-W)2 d r j  . 
The latter equality comes from the zero rest mass of the 
neutrino. 
|Ma|2 is thought to be independent of energy. An 
approximation for F(t Z, 77 ) was derived by Fermi assuming a 
point charge in a Coulomb field and is called the Fermi 
function. Tables of Fermi functions are available (13,14) 
to simplify analysis of experimental results. The latter 
table uses a "Modified Fermi Function", G = ( 17 /W)F except 
that some energy independent factors are omitted. It gives 
better than 0.1$ relative accuracy over most of the range 
for each Z value. 
Orbital electrons screen the Coulomb field of the 
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nucleus in the outer regions thus affecting the electrostatic 
factor. Rose has pointed out (15) that, since the electron 
is effectively created within the region where a Coulomb 
field holds, the screening effect may he estimated by calcu­
lating the energy distribution at that point assuming a 
Coulomb field with the total available energy being WQ- VQ 
where VQ, "the outer screening potential", is the change in 
the potential near the nucleus due to the presence of 
screening. Electrons which have an energy between Wf and 
w'+dw in this region have, after leaving the nucleus, an 
energy between W and W + dW where W = W1 -VQ. Replacing d-rç 
by (W/7] )dW in Equation 2, one obtains 
N(W)dW ccF^ (±Z, V ) rj W (WQ- W)2 dW= FQ (± Z, v ' ) Vw' (W0'-W')2 dW, 
where F^ is the electrostatic factor corrected for screening 
and FQ is the Coulomb factor. Thus; 
7}W1(tzfr))s 1 w'F0 (±Z,') 
» WF0[l4-V0(d/d W) In ( t? WF0 ) ] , 
from which one may obtain as the screening correction factor: 
fl(1z,t?)/f0 (tz,77) = 1 + V0( 3 / d  W) m (77 WF0 ). (3) 
The NBS tables (13) have tabulated the logarithmic derivative 
and present a graph for obtaining VQ . Greater accuracy may 
be obtained by calculations based upon the tables of Rose, 
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et al. (14). Reltz (16) has calculated and tabulated more 
accurate screening corrections for certain values of Z using 
the Thomas-Fermi-Dirac atomic model. Within the range of 
values, 16SZ592, the calculated values are spaced close 
enough to permit linear interpolation. For Na22, where Z = 
10, Rose's method was used with calculations based upon the 
tables of Rose, jst al. (14). 
Thus far the De Broglie wavelength of the electron has 
been treated as practically infinite in comparison to the 
nuclear radius. The finite De Broglie wavelength is con­
sidered for allowed transitions in a factor L0 (+ Ztl) (17). 
This factor has little energy dependence except for very 
large Z values and has usually been neglected. A convenient 
tabulation of the values of this factor is included in the 
Tables of Forbidden Beta-Decay Functions by Rose, et al. 
(18). The finite nuclear size causes the potential within 
the nucleus to differ from a Coulomb field but the effect 
is negligible for Z<60 (19). The effect of radiative losses 
from inner bremsstrahlung is considered negligible in view 
of the small average energy carried away per beta particle 
(21). 
From the foregoing considerations, it is apparent that 
if experimental data are taken which accurately represent 
the beta distribution, then a plot of |n(i?)/ i?2L0 F^J ^ 
against W should yield a straight line for an allowed tran­
sition and the line should intercept the energy axis at 
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W» W0. Here N( 17 ) is the experimental momentum distribution. 
Such a diagram is referred t o alternatively eta a "Kurie", 
"Fermi", or "F-K" plot. This has been the standard test for 
the allowed shape with L0 usually being neglected. Where a 
straight line results at the upper end, the intercept may be 
taken as the measure of WQ, 
The beta spectrum for an n-times forbidden transition 
can always be written in the notation used for allowed 
spectra as follows: 
N( 77 ) d 17 » F1(tZ, 77)i72(W0-W)2 (W) d 17 , (4) 
where Sn(W) is the shape factor. Comparison with Equation 2 
shows that in that case 
Se(w) -0a2|ma|2lo, 
which is almost a constant. In general, the expressions for 
Sn(w) will contain many terms having different degrees of 
energy dependence. The relative size of the nuclear matrix 
elements associated with these terms may be impossible to 
ascertain so that the shape factor is unpredictable. If 
energy independent terms predominate, the spectrum will have 
an allowed shape even though it be a forbidden transition. 
147 Such is the case of Pm , where the low value for causes 
shape independent terms to predominate (22). 
In the case of pure G-T transitions, i.e., where 
A I = t ( n+1), the matrix elements vanish for all terms 
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except one. Thus the shape factor Is uniquely determinable, 
Approximate expressions for these unique shape factors are 
as follows (23): 
an = 2 
y =0 
(2n + 1)1 
(2y+l) l(2n-2y+l): 
^2yq2(n-y) 
More accurate expressions may be taken (23): 
n 
»n= I 
y =0 
(2n+l)I(2y + l) I 
22r(y'.)2( 2n-2y + l) Î q
8 ( n
-
y ) L y .  
where L y is tabulated (18). For Y^, where A I = +2 with 
a parity change, 
A plot of 
al = (W0-w) L0+ 9LX- (W0-W)2 + 7?2 . 
N(^ ) /y 2 an F^ £• against W is therefore a 
standard test of n-times forbidden transitions. Transition 
lifetimes give supplementary information for estimating the 
forbiddeness of a beta process (24). 
There are now much data that agree well with theory 
insofar as generally tested by Kurie Plots. In some cases, 
methods have been devised to ascertain small-order shape 
factors from deviations in the Kurie plot (5,6,25). A more 
sensitive test of the theory may be made from a "shape-
factor plot" of [N(i7)/i72(W0-W)2 anF1] versus W. If the 
theory is adequate and there are no instrumental distortions 
in N( 7j ), then 
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J ' l L  .  - B .  l'(W0-W)'anF1 
where B is a constant. In checking theory, one can write 
N (  7 7  )  
2 •  B [ x + a c w i ]  ,  
where 8 (W) = 0 when the experimental data agrees with 
theory. 
For small-order shape factors, the functional form of 
8 (W) may be difficult to estimate. "Fierz interference" (26) 
effects (which would occur if two interaction forms were 
present in a G-T transition) cause a shape factor of the form 
(1+b/W) (27). This factor has been applied in previous work 
performed when such effects were constidered possible. It 
seems apparent now that there is only one G-T interaction 
form (11) so there is no longer any basis for expecting such 
a factor. A linear shape factor (1+aW) is the simplest form 
to apply and in some cases may have a theoretical basis. 
Eenton and Carlson (27) and Iben (28) have independently 
shown that, for an A-forbidden transition, such a shape 
factor may be expected. Both assumed a tensor G-T inter­
action form, in keeping with the apparent experimental evi­
dence of that time, but an axial-vector G-T interaction will 
give essentially the same results (29). Therefore, beta 
spectra were evaluated in terms of this shape-factor form 
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with the slope a determined as the measure of deviation from 
theory. 
If a ^ 0, the value for WQ obtained from a Kurie plot 
will be affected and in turn the shape-fact or plot will be 
distorted. However, if aWQ« 1, the value of WQ will be 
approximately correct. A Kurie plot limited to the upper 
portion of the spectrum will give a still better estimate 
for WQ. This has been the general method for obtaining WQ 
values to make shape-factor plots (30,31,32). 
If the results of such a procedure are used to obtain 
an estimate of a, a modified Kurie plot incorporating this 
measurement of the shape factor may be used to get a better 
value for WQ. This in turn can be used to get an improved 
measurement of a. Iteration may be expected to get unbiased 
estimates of both WQ and a. However, the variances of the 
results may be difficult to assess. A least-squares fit 
for non-linear parameters (27,33) which gives unbiased 
estimates of parameters and their variances (27; 34, p. 36) 
has been applied in this investigation. The procedure is 
presented in Section V. 
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III. REVIEW OF LITERATURE 
Previous studies with Pm-^? have reported no significant 
deviation from the allowed shape (6-9). Recenb investiga­
tions of the other isotopes (In^^, P32, Y90, and Na22), 
employing volatilized sources and thin (£ 200 /x g/cm2 ) back­
ings, have varied in results (5,6,25,27,31,32,33). P32 was 
included in each of these studies except for (6) which was, 
however, performed with the same spectrometer as was (5). 
Therefore the results may best be compared in relation to the 
P32 results, especially for In^^ and Y9® which cover about 
the same energy range. The results from other Isotopes which 
are common to two or more of these references should also 
be noted. The factor LQ was not incorporated in the allowed 
shape factors of P32 in these works. It is almost constant 
for low Z isotopes, decreasing by 0.7$ for P32 over the 
energy range from 250 to 1600 kev. 
P32 and Y9® were examined by Pohm, et al. (25), in a 
thin-lens spectrometer and in an Intermediate-image spectrom-
90 
eter. The Y shape-factor plots obtained from both instru-
•zp 
ments gave no indication of deviation from theory. The P 
shape factors changed about 1.5$ over the interval from 300 
kev to 1600 kev but In opposite directions for the two 
spectrometers. However, Henton and Carlson (27), using 
superior statistical methods on the same P32 data, found the 
shape factors from both spectrometers to have negative 
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slopes, decreasing 2.3 ± 0.5$ for the intermediate-image 
spectrometer and 1.1t 0.8$ for the thin-lens spectrometer, 
over the energy interval from 300 kev to 1600 kev. 
Porter, Wagner and Freedman (30), using an iron-free 
double-lens spectrometer, found a decrease of about 3$ in 
the P32 shape factor over the same energy range. Under the 
same conditions, Na2*, which has about the same energy, 
showed no deviation from theory. 
Graham, Geiger and Eastman (31) investigated P32 with 
a double-lens spectrometer and found an excess of about 5$ 
in the number of electrons in the low-energy region of a 
shape-factor plot. They reported that no significant dif­
ference was seen in results from a volatilized source on a 
200-/ig/cm2 backing and a liquid-deposited source on a 800-
^g/cm2 backing. 
Daniel (32) obtained a linear shape-factor plot for 
P32 decreasing about 10$ between 300 kev and 1600 kev and for 
Na2* found a decrease of 3 i 1$ from 200 kev to 1250 kev. 
Na22 results reported at the same time showed no deviation 
from theory. These data were also taken in a double-lens 
spectrometer. 
Johnson, Johnson, and Langer (5) examined P32, In^*, 
90 
and Y in a high-resolution, 180°, shaped-magnetic-field 
spectrometer and reported the results in terms of a fit with 
a Fierz-interference type shape factor (1+b/W). The value 
for b (0.2 6b 6 0.4 mc2) indicated an excess of about 15$ at 
19 
the low-energy side of the spectra compared to theoretical 
predictions for all these isotopes. A Na22 shape-factor plot 
obtained from the same instruments (6) showed a decline of 
approximately 8$ over the energy range from 50 kev to 450 
kev. This was consistent with the same value for b as was 
obtained for the other three isotopes. 
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IV. EQUIPMENT AND TESTS FOR SPECTROMETER FIDELITY 
The principal research device used in this work was an 
intermediate-image beta-spectrometer (56,36). In most cases, 
endplates with no pole pieces were employed since the spec­
trometer had been modified to permit joint operation of two 
similar spectrometers for beta-beta coincidence measurements 
(37). Turns ratios in the coils were such that no shunted 
section was required to achieve intermediate-image focusing 
with the coils connected in series. A schematic diagram of 
the spectrometer is shown in Figure 1. 
A 25-kilowatt motor-generator provided the current for 
the spectrometer coils. The current was set by varying the 
field current of the generator with a current control. The 
current control contained a servomechanism by which the 
current was kept at a setting within about 1 ma over the 
current range of 0-90 amperes. 
An automatic current stepping device with data recorder 
was used to procure data at preset current steps over each 
spectrum. The data was taken in increasing current steps 
and a homing cycle, which took the current to 100 amp then 
down to 0 amp, was used each time before returning to a 
lower current setting. This was done to reduce variability 
from hysteresis effects. The repeatability of current 
settings was about 10 ma over most of the current range 
except for long term drifts which were noticeable only over 
REFRIGERATION 
CHAMBER 
6810 
PHOTOTUBE 
MJWgTAL 
• S.'.SSA gg 
TO ELECTRON ÀO 
PUMP  ^
TO PUMP 
INCHES 
Figure 1. Schematic of spectrometer with modified endplates 
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periods of months. The actual current was measured fre­
quently at various points to enable relative estimates of 
current values well within one part in a thousand. Calibra­
tion curves using peaks of the conversion lines in Th(B+C+c") 
were linear within experimental error. 
The baffles were made of aluminum of one-half inch 
thickness. The baffle edges were angled approximately 
parallel to the central rays. Initially, data were taken 
without in the spectrometer. P data were obtained with 
baffle settings giving 3.3$ half-width and about 3$ trans­
mission. The baffle openings were diminished to reduce the 
transmission by a factor of two resulting in a 2.5$ resolu­
tion. No detectable change in shape factor occurred (see 
Table 3, p. 56). In^* data were taken with the baffles at 
the first-mentioned settings. Then B^ was inserted with an 
opening smaller than that which had been used for Bg which 
was then opened further to function-mostly as a scatter 
baffle. A transmission of about 2&$ was obtained with a 
2.4$ half-width. No significant change In the In^* shape 
factor appeared at that time. Later, improved analytical 
methods gave a somewhat smaller slope for the shape factor 
In the latter set of data (see Table 2, p. 51) but the 
results are considered to be inconclusive for reasons that 
will be given later (Section VI, p. 51). 
Scattering problems are intensified in the low-energy 
region (4). PnA*'? with a maximum energy of 225 kev was 
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examined with the three baffles set for 2g$ transmission and 
again with the baffle openings reduced to diminish the trans­
mission by a factor of two. The difference in the slopes of 
the resulting shape-factor plots (see Table 5, p. 64) was in 
the direction of increased scattering or decreased penetra­
tion for smaller baffle openings. From the absence of any 
variation with baffle settings for P32, the possibility of 
this being a penetration effect is considered unlikely. If 
there is some distortion due to scattering for the smaller 
baffle openings, some distortion might be expected with the 
transmission setting. These results are further dis­
cussed in Section VI under Pm^*^ results. 
To check for the possibility of distortion due to scat­
ter off the edges of the openings at the ends of the spec­
trometer, the endplates with pole pieces were reinstalled 
(35). In^* spectra obtained with both arrangements indi­
cated that this change did not affect the results. 
Sources were volatilized through a 5-mm orifice onto 
Formvar films. Some difficulty was experienced in obtaining 
substantial transfer of carrier-free activity to films of 
50 fj. g/cm2 or less in thickness without breaking the films. 
A rapid flash procedure was found to be the most efficient 
one. The thicknesses of films and sources were measured 
with an alpha gauge utilizing a ZnS scintillation detector 
210 
and a Po alpha source. The discriminator level was set 
to eliminate the beta pulses for beta-source thickness 
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measurements. This reduced sensitivity of the gauge when 
high-energy beta sources were being measured, but a film 
thickness of about 3 /x, g/cnf could be detected. 
Details of source surroundings are shown in Figure 2. 
The Formvar films were mounted on 7/8 inch diameter brass 
rings, 0.040 inch thick, cut from l/lO inch wall tubing. 
The ring holder was made of low Z material to minimize 
scattering. The fiberwall cylinder was 3/64 inch thick and 
the Lucite on the end was 1/32 inch thick. The source could 
be adjusted along the axis of the brass holder tube by turn­
ing the fiberwall cylinder. A movement of 1 mm along the 
axis was found to shift the calibration by 0.3$. The pump-
out opening in the plate of the detector end reduced the 
cylindrical symmetry of the field inside. Also some mechan­
ical "sag" in the movable baffles and Bg may have altered 
the optimum source position. As a result, the optimum source 
position was not on the geometric axis of the spectrometer. 
The source could be moved with respect to the spectrometer 
axis by screw adjustments on a positioning plate which moved 
the whole valve assembly. A movement of 1 mm from the opti­
mum position was found to cause a shift of about 0.2# in 
calibration. The brass tube was positioned by inserting it 
through the valve and against a brass piece with a collar to 
restrict lateral movement. Slight movements of the position 
rods for B^ and Bg would affect the calibration but, from 
these considerations, when the baffles are not moved a 
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Figure 2. Details of beta source surroundings 
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precision of about 0.1$ in energy calibration is expected. 
Even if a larger uncertainty were present the shape factors 
would not be appreciably affected when WQ is calculated -from 
the same data. A 1% error in calibration effects a change 
in slope of only 0.0006 l/mc^ for In 1^^ . 
A 6AG5A tube was stripped down to the grid and another 
grid added making a low-energy electron gun (Figure 2) to 
prevent negative-beta sources from charging. A potential 
difference of 90 volts was applied to the grids. The fila­
ment voltage was turned off except for about 10 sec every 
time data was printed out. This prevented light from the 
filament affecting the scintillation detectors' counting 
rate. The time intervals between points seldom exceeded 10 
min. From the shift of a conversion line in the spectrum 
it was found that one of the strongest sources used (In^*, 
~8/ic) was charging at about 20 ev/min. 
It is possible that the electron gun with more acceler­
ating voltage could produce sufficient secondary emission to 
22 prevent the positron-emitting Na from charging if the 
electron gun were turned on frequently enough to keep the 
voltage much less than that of the accelerating grids. 
However, as the source charges, the secondary emission will 
decrease so that even if tests indicated adequate discharging 
at the outset, a small loss in emission might let the source 
potential "run away." 
210 
A Po source was found to furnish a simple and 
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210 
reliable means of grounding positron sources. Po may be 
obtained from spent radium needles by reduction from a 
chloride solution on Ag plating. Most of the 5-day beta 
210 
activity from Bi may be etched off with acid, then a 
holding period of 10 to 15 days will result in a fairly 
clean Po^® source. It decays to the ground state of Pb2^ ® 
with emission of 5.3 Mev alpha radiation. About 10"®$ of 
the transitions go to an excited state and produce an 800 
kev gamma ray (38). 
210 Po sources were obtained and covered with KeyIon or 
collodion to prevent loss of material. An approximately 
210 20-/ic Po source was placed in the spectrometer 1.2 inches 
behind a 4- /i c Na22 source which was on a 20-/i.g/cm2 Formvar 
backing. The charging rate, as observed by the changing 
counting rate at the most sensitive point on the beta 
spectrum, was found to decrease by approximately 80$. When 
the source was placed one-half inch away, no charging was 
detectable over a period of more than one week. The dis­
charge is attributed mainly to the loss of electrons from 
the source and backing, due to ionization by the alpha 
particles, since few alpha particles will be stopped near the 
source. Since the ionization electrons have an average 
energy of the order of 20 ev, one would expect negligible 
charging from too much ionization. No extra counts due to 
the alpha source could be detected in the spectrometer with 
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a 25- /t g/cm2 Pormvar film in the beta-source position and 
the alpha source moved up to a position 1/4 inch behind it. 
Alpha rays striking a thin foil will produce many low-
energy electrons for discharging of electron emitters. An 
approximately 20-/^c alpha source was covered with quarter-
mil A1 foil and placed 2 inches behind a 12- fie In^^ source. 
No shift of the K-conversion line was observed over a 12-
hour period within detection limits of 60 ev. No extra 
counts were detected in the spectrometer with the 25- /ig/cm2 
Pormvar film In the beta-source position and the Al-covered 
alpha source 1/4 inch behind it. The electron gun was prone 
to failure due to filaments burning out or losing emissivity. 
210 
Therefore an Al-covered Po source was used to ground the 
negatron emitters in the latter part of this investigation. 
Details of the detector surroundings are shown in 
Figure 3. Anthracene crystals, 2-mm thick, were used for 
beta detectors. A small-diameter crystal, as it sublimes, 
would result in a changing transmission. A 1.0-cm orifice 
over a 1.4-cm diameter crystal was used for a constant detec­
tion area. The edges of the orifice were slanted at 45 
degrees, meeting at a right angle in the central plane. The 
median angle for focussed electrons is about 45 degrees with 
respect to the spectrometer axis. The orifice was made in a 
3/32-inch brass plate which is about twice the range of Y9® 
beta particles (39), the most energetic beta rays encountered 
in this research. The orifice also served to discriminate 
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against any scattered electrons which approach the detector 
at angles greater than 45 degrees with respect to the spec­
trometer axis. 
A 3-cm diameter crystal was tried as a detector without 
an orifice. This was much larger than the area of focus so 
that sublimation could not affect the transmission. With 
this arrangement, the conversion lines in In^*^ had long 
tails on the low-energy side and the shape-factor plots 
curved upward at the low-energy end. The results from both 
endplate arrangements varied with baffle openings, confirming 
the evidence that there was distortion due to detection of 
scattered electrons. 
A 1.0-cm crystal was used with no orifice and correc­
tions made for sublimation. No significant difference from 
the results with the 1.0-cm orifice was detected (see Table 2, 
p. 56). 
Any orifice effects, whether from penetration or from 
scattering, would be enhanced with the replacement by a smal­
ler orifice which places the orifice edges in a denser elec­
tron flux while diminishing the open area. A 0.6-cm orifice 
substantially changed the shape-factor results making the 
shape factors more positive and resulting in an approximately 
»zo 
allowed shape for P . The absence of a measurable effect 
in changing from 1.0-cm orifice to the bare crystal indicates 
that the orifice effect was small in this case due to a 
relatively low number of electrons at the 1.0-cm periphery. 
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For Pm1^ , which lies in the region below 250 kev, the slope 
of the shape factor obtained with the 0.6-cm orifice was more 
positive than those obtained with the 1.0-cm orifice although 
the difference was too small to appear significant. These 
147 
results are further discussed in Section VI under Pm 
results. 
Beta scintillations were conducted by Luc it e light pipes 
to a 6810A 14-stage photomultiplier which was cooled to -55°C 
to reduce thermal background. A silicone oil, Dow Corning 
200, was used to make the optical connection between the 
Lucite light pipe and phototube. 
The block and circuit diagrams of the beta detection 
system along with the principal electronic circuits is shown 
in Figure 4. The large anode resistor lengthens the rise time 
of the pulse to match the cathode follower rise time. The 
Schmidt trigger was adjusted to a negative triggering mode. 
The univibrator delay functions to make a fixed dead time 
independent of energy and to eliminate after-pulse effects. 
For later work an amplifier with gains of 20-100 was found 
to improve the signal-to-noise ratio and permit operation 
with lower energy thresholds. 
As evidence for energy independence of the scintillation 
counter the relative counting rate, after the thermal back­
ground had been subtracted, was plotted for a wide range of 
phototube voltages at various electron energies with the 
results shown in Figure 5. N is the counting rate and Np 
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is approximately the plateau counting rate. For higher 
energies, the plateau curves appear to show less than rise 
with a 9-fold change in phototube gain. A remarkable feature 
of these curves is the apparent fact that the relative number 
of extra pulses above the plateau region at any phototube 
setting is practically independent of the size of the primary 
147 137 
pulse. Earlier data on Pm and Cs beta spectra using 
another 6810A phototube contradicted this, so shape factors 
147 
of Pm were repeated at various phototube settings. This 
time the shape factors were practically unchanged over 3& 
fold change in photomultiplier gain (Figure 6) although the 
counting rate increase of about 4$ at the highest setting 
showed that in that case it was well above the plateau region. 
A test was made to see if there was any time relation 
between the extra pulses and the beta signals. The spec­
trometer was set for 150-kev electrons. The phototube gain 
was adjusted above the plateau level and the dead time was 
varied by adjusting the univibrator delay. After making 
small dead-time corrections, on the basis of random counts, 
variation of the extra counts with delay time was found to 
be as shown in Figure 7. The extra counts appear to come 
from a state with a half-life of about 160 fj. sec which is 
excited by the primary pulse. No explanation of this effect 
has been found. Except where otherwise indicated, data were 
taken with the phototube set below the point where these 
anomalous counts could be detected. Delay times of 15 to 20 
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sec were used to eliminate counting of after pulses. 
Although the Dow Corning 200 silicone oil used in the 
optical junctions is quite viscous it was found to flow out 
of the junctions at times. The inferior light conduction 
would cause a loss in detection efficiency and result in 
distortion of spectra. Plateau curves were taken frequently 
to insure against use of data under such conditions. 
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V. TREATMENT OF DATA 
Each set of data consisted of two or more runs over a 
spectrum. The data points were taken in order of increasing 
current settings starting from zero with the homing cycle 
taken before each run. Points at spectrometer settings below 
the detection threshold were used to obtain one background 
measurement and points at spectrometer settings above the 
spectrum for another. Beta sources made no noticeable 
contribution to the, background. 
A major portion of each spectrum was taken with the 
recorder operating for preset counts. In this mode of 
operation, counts on each data point were taken until the 
nearest tenth of a minute after the prescribed number of 
counts had been reached. Where the counting rate had 
dropped by a factor of five or more from the peak rate, a 
preset time interval was used on each data point so that an 
undue proportion of time was not spent in these regions. 
Runs were programmed having total times of from 3 to 7 
hours depending on the source strength. For the weaker 
sources (approximately 5,000 counts/min) many runs were used 
for a set of data to reduce uncertainties from possible 
background shifts during a run. Individual sets of data 
varied from 40,000 counts per data point to 100,000 counts 
per data point over the principal region. 
The K-conversion lines from In* 4^ were used to determine 
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the spectrometer transmission functions. The 192-kev In^* 
conversion lines are shown in Figure 8(a). The transmission 
function obtained from the K line is shown in Figure 8(b). 
It has been obtained by plotting the K electron counting 
rates versus e where 
€ = (Ip - l')/l' . 
I ' is the associated spectrometer current corrected for 
residual magnetism and 1^ is the corrected peak current 
value, i.e., the calibration reference point. The assumption 
was made that this function changes very little over the 
range of the spectrum as is the case if the shape of the 
magnetic field is constant and if scattering and penetration 
is negligible. The first and second moments of the normalized 
transmission functions were used to calculate the change in 
the calibration constant for a centroidal reference system 
and to obtain the resolution corrections (40,41) which are 
minimal in this reference system. The theoretical beta dis­
tributions were taken as the true momentum distributions for 
the purpose of these calculations. No data point was used 
where the resolution correction exceeded 5$. The long tail 
on the upper side of the transmission line may be largely due 
to scattering which is expected to diminish at higher ener­
gies or some of the tail may have been introduced by the use 
of a linear beta background interpolation. The moments of 
the line were calculated using the arbitrary cut-off shown 
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in Figure 8(b) and again using the entire function. Median 
values were taken as the best estimates and the limiting 
values were used to get indications of the uncertainties 
caused by the procedure. Over the energy range of the spec­
tra in this study the effect of such errors in resolution 
corrections was not significant. A more detailed considera­
tion of spectrometer resolution corrections is given as an 
appendix to this report. 
An IBM 650 program was set up to take data in the form 
of Cj_, the total number of counts at each spectrometer set­
ting, I^, the associated current value, t^, the counting 
time, and T^, the mean elapsed time. The following calcula­
tions were then performed. 
and Wi, the corresponding beta momentum and energy, 
were calculated from 1^ using the centroidal calibration 
constants. 
The counting rate corrected for dead-time losses, 
background, and decay, was calculated according to the rela­
tion 
Ni = 
C 1 
ti (1 + ~ b exp ( X Tj_) 
where b is the background counting rate, X is the decay 
constant, and r the dead-time caused by the univibrator. 
With counting rates never exceeding 20,000 counts/min, the 
maximum dead-time correction was about 0.5%, Half-life 
corrections never exceeded 4$ for Y9® (64-hour half-life) 
and they were considerably smaller for the other 
42 
isotopes. Comparison of corresponding points on successive 
runs over each spectrum indicated that the half-life correc­
tions were sufficiently accurate for this work. 
The quantities 
N, 
y 4 — —n 
I f  WinGiSi 
were then calculated, where r^ is the resolution correction 
and is the modified fermi function, 
®i = ( VV F(Z* 
obtained by quadratic interpolation from tables (14) with 
screening corrections added using interpolation from the 
tables of Reitz (16). is an additional shape factor 
which contains the small correction for finite De Broglie 
wavelength (17). For In-1-14, P32 and Na22 it is the function 
Lq and for Y9® it is the first forbidden unique shape factor, 
9L^  + (Wq-W)2L0. For Pm147, which is first-forbidden but 
not unique, there is no basis for making such a correction. 
The functions LQ and were obtained from the tables of 
Rose, et al. (18). The finite nuclear size has negligible 
effect on the shape of these spectra (19,20). 
The resolution correction r^ was calculated using the 
relation 
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where e 2 is the second moment of the spectrometer trans­
mission function, obtained from the 192-kev conversion line 
of In114 under the same spectrometer conditions, M( 17^) is 
the theoretical beta momentum distribution 
M( Vi) = (WQ- W1 f 
with WQ the maximum beta energy and M"( 77 ) is the second 
derivative of M( 17 ). For the purpose of this calculation WQ 
values from other sources were used. With 
. 2  f ( V i )  = 1)1W1(W0-Wj/ , 
where the primes denote derivatives with respect to 17 . 
The quantities f'/f and f"/f were computed as analytical 
expressions in 17 and W^, and WQ while the quantities G, 
G', G", S, S1, and s" were obtained previously by the computer 
in the process of quadratic table interpolation. 
A quantitative measure of the deviation from theory was 
made in terms of a linear factor (l + aW^), i.e., 
7i = B(W0-W1)2(l + aW1) +E1 
where B is a constant containing source strength and geometry 
factors and E ^ is the statistical error. This three-
parameter problem with unknown values of B, WQ, and a may be 
solved by a matrix method (27,33) which requires initial 
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estimates, and through successive iteration will yield values 
arbitrarily close to the least-squares solution. Equations 
which are non-linear in the unknown parameters may be linear­
ized by a first-order Taylor series expansion around approxi­
mate values for the parameters. The resulting equations are 
linear functions of correction parameters which may be solved 
for least-squares values. In the process, a matrix may be 
formed which contains estimates of the variances in the 
diagonal elements and estimates of covariances in the off-
diagonal elements (54, p. 56). The method is described in 
detail In reference 27. 
The weighted sum of the residuals were treated in the 
form 
- - ^(yi-A.)2 
*? 
I>i =12 - 2 
where = B(W0-W1)8(1 + aW1) 
and - (Cl-btl)g . 
1 Ci+ bti 
n^ is the relative weight or inverse square of the relative 
standard deviation assuming negligible variance from sources 
other than counting statistics. is the total number of 
counts for the data point, b is the background in counts per 
unit time and t^ is the counting time for the point. The 
substitution of A® for in the denominator of the 
residual expression simplifies the matrix expressions 
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somewhat. The initial estimates for WQ and B were computed 
from a weighted least-squares linear fit of the allowed Kurie 
plot in the form 
= a , 
where a and yQ are the unknown parameters and 8^ is the 
statistical error. The weights for this calculation are 
= h .  -
yi 
Then, where aWQ « 1, 
WQ ~ - /3/a and B ^  a 2 . 
Starting with these approximate values for Wq and B and with 
the approximation of a = 0, the three-parameter solution was 
obtained by use of successive iteration until the correction 
parameters were smaller than the standard deviation values. 
The weighted sum of the residuals was then computed as were 
the quantities y^/B(W^-W^)2 which were used in the shape-
factor plots. 
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VI. RESULTS AND DISCUSSION 
A. Indium 114 
The accepted decay scheme of In114 (42,43) is shown in 
Figure 9(a). Beta systematics agree with shell model predic­
tions that the ground state of an even-even nucleus is 0+ and 
that the first excited state is 2+ except for special cases 
(44). Therefore the ground state of In114 is 0+ or 1+ since 
it has allowed beta transitions (log ft values of 4*4 and 
4.0) to both states in Sn114. The K-conversion coefficient 
and the lifetime of the 192-kev transition from the isomeric 
level rule out the 0+ assignment (45) since the angular 
momentum of the 50-day isomeric state has been measured to 
be five (46). Furthermore, K/L and LiîLijîLju ratios give 
an unambiguous E4 assignment to the 192-kev transition (47). 
Thus the ground-state beta transition must be a pure GT 
allowed transition. 
Preliminary studies were made of In114 produced at Oak 
Ridge and at Brookhaven from neutron irradiation of indium. 
Thick source effects appeared due to granulation caused by 
deliquescence and the subsequent loss of water in the spec­
trometer vacuum chamber. The source used for the final 
results was in the form of IngOg. The In114 activity had 
been induced in In113-enriched {&0%) indium by neutron bom­
bardment at Argonne National Laboratories. The source was 
volatilized onto a 45-/4 g/cm2 Formvar film. Alpha gauge 
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measurements showed that the source was less than 3 p.g/cm2 
thick. 
Table 2 shows the In114 results under differing condi­
tions. Shape-factor plots from the same data are shown in 
Figure 10. The Kurie plot is shown in Figure 11 for the case 
of maximum deviation from the allowed shape. No points were 
taken at energies below 225 kev because of the conversion 
lines and the 0.7-Mev beta group. A small correction was 
adequate to compensate for the presence of the 0.7-Mev beta 
group in the region studied. This correction was obtained 
from the relation 
»iU) = Bifa<woi-w>2 
N2( ' ) B2fl<W02-™>2 
which holds for all energies W below the least of the two 
maximum energies and WQg. N^( 17 ) and Ng( 17 ) are the 
spectrometer counting rates for two beta groups from the same 
isotope. and Bg are the respective total activities and 
f^ and fg are the associated integrals, 
f = ^ 7) WG(Z, Tj )(W0-W)2d7? , 
obtained from the graphs of Feenberg and Trigg (24). 77 is 
the maximum momentum. The shape-factor plots were made 
without this correction. The effect of this correction is 
to increase the values for a by 0.0009 1/mc2. 
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Table 2. results 
Data Spectrometer 
set variations* a (l/mc
2) WQ (mo2) 
A Bg and B5 
1.0 cm orifice 
0.0078 t.0012 4.8888 tO.0010 
B Blf Bg and Bg 0.0017+.0017 4.895310.0014 
1.0 cm orifice 
C B1# Bg and B5 0.0013+.0019 4.8946t 0.0015 
1.0 cm crystal 
(no orifice) 
*B%, Bg, B3 - baffles (see Figure 1). 
The errors given in the tables and on the graphs are 
standard deviation estimates obtained from the least-squares 
calculations. From these results, it may appear that a 
definite change to closer agreement with theory occurs with 
the addition of the third baffle. However, the values ob­
tained for P52 (see Table 3, p. 56 ) indicated that such 
variations may occur with no apparent change in conditions. 
In view of this, the source of the additional variance is 
unknown. The number of measurements is too small for defin­
ite conclusions. An unweighted mean of the three measure­
ments results in the value : a = 0.0036 t 0.0021 l/mc2 * 
Other factors are expected to contribute to the variance 
in WQ. The unweighted mean of the WQ values is 4.8988 t 
Errors quoted in this paper are standard deviations, in 
this case obtained from the deviations from the mean. 
0.0013 mc2. When converted into Mev units this becomes 
1.989. t 0.001 Mev. This agrees well with the measurements 
of Johnson, et all. (5), obtained with volatilized sources, 
and is slightly larger than obtained by Johns, et al. (48), 
obtained with a 1-mg/cm2 source. 
Five measurements of the 192-kev conversion peaks gave 
values of 162.710.2 kev and 187.5t 0.2 kev for the K and 
L+M conversion electron energies. A mean binding energy for 
the L electrons of 4.1 kev was obtained from the 
ratios of Kelman, et al. (47). The effect of the M electrons 
on the location of the L + M peak was estimated by construc­
tion of the composite line from the transmission function 
obtained from the K line using the L/M ratio given by Kelman, 
et al. This gave a value of 3.8±0.1 kev for the effective 
binding energy of the L + M electrons, from which a value of 
191.3 tO.3 kev was obtained for the energy of the isomeric 
state. A value of 191.8*0.2 kev was obtained from the K-
line energy and the weighted mean of these two results is 
191.6 *0.2 kev. This determination agrees well with the 
consensus of published results (38). 
B. Phosphorus 32 
The decay scheme of P32 is shown in Figure 9(b). The 
spin of the ground state has been measured to be one (49). 
This conforms to shell model predictions (12) which lead to 
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the conclusion that it is an allowed, A  -forbidden G-T 
transition. 
Carrier-free P®2 was obtained from Oak Ridge, Volatil­
ized sources had no measurable thickness with the alpha gauge 
(<3 fig/cm2). The sources were on Formvar films from 40-50 
fx g/cm2 in thickness. Thirty /zg/cm2 of aluminum was vola­
tilized onto the back side of one source for one set of 
measurements. The presence of P®® activity in the source 
material restricted the region of study to that above 250 kev. 
The results from P®2 are presented in Table 3. The 1.0-
cm orifice was used in the spectrometer for all these meas­
urements . The changes made within the set of results are 
also shown in the table. The associated shape -factor plots 
are shown in Figure 12. The Kurle plots for the case of 
maximum deviation are shown in Figure 13* A least-squares 
line through the points with kinetic energy E > 3/4 E0 gives 
a value for WQ which, when used in a shape-factor plot, 
results in a slope of 0.0149 l/mc2 compared to the value of 
0.0172 l/mc2 obtained from the three-parameter least-squares 
analysis using all the points. This change comes from a 
shift of only 1 kev in endpoint energy value. 
The values for the slope fluctuate much more than is 
consistent with the standard deviation estimates obtained 
from the least-squares evaluation. It occurs with no appar­
ent change in experimental conditions. Further work is 
planned in hopes of clarifying these results. The unweighted 
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Table 3. P32 results 
Data Spectrometer 
set variations8. a (l/mc
2) Wn (mc2) 
A Bg and Bg 
l|# T, 2.4# Wi 
B Bg and Bg 
3# T, 3.3# Wi 
C Bj_, Bg and Bg 
2|# T, 2.4# Wi 
S 
D B]_, Bg and Bg 
2i# T, 2.4# Wi 
E Bj, Bg and Bg 
2|# T, 2,4# Wi 
-0.0120 t 0.0015 
-0.0121 Î 0.0012 
-0.0172 t 0.0014 
-0.0142 ± 0.0015 
-0.0111 ± 0.0011 
4.3349 t 0.0009 
4.3410 t 0.0007 
4.3444 ± 0.0009 
4.3450 Î 0.0008 
4.3444 ± 0.0007 
T - transmission. Wi - Half-width. By, Bg, B~ -
baffles (see Figure 1). 
mean for the five sets of values yields: 
a = -0.0133 ±.0011 l/mc2 and WQ = 4.3419 ±0.0018 mc2. 
The latter value converted to Mev units is 1.7076± 0.0009 
Mev. The Kurie plots using the points with E >250 kev give 
a value of 4.3350 mc2 or 1.7046 Mev. An average of 1.707 
Mev has been computed from the result s of thirteen investiga­
tions (38), most of which used Kurie plots from a major 
portion of the spectrum. Simple wave function calculations 
give a magnitude of 0.04 l/mc2 for the I-forbidden shape 
factor (29) which is appreciably larger than the result 
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obtained in this investigation. 
C. Yttrium 90 
The accepted decay scheme for Y9^  is shown in Figure 9 
(c). The beta transition to the ground state of Zr9® must 
be once-forbidden, unique (AI = 2,yes) from nuclear shell 
model considerations (12), the log ft value (12), and the 
spectral shape (50-55). 
Carrier-free Y9^  was obtained from Oak Ridge for this 
investigation. The sources were volatilized on 45- to 
50- yu.g/cm2 Formvar films. All measurements on Y9^  were 
made with all three baffles in the spectrometer. 
Table 4 presents the results from four sets of data for 
which the shape-factor plots are shown in Figure 14. The 
fifth determination, which has the longer shape-factor plot, 
was made from a subtraction of the data for the D determina­
tion from the data for the C determination which was taken 
one half-life earlier. This subtraction was used to elimi­
nate Sr^O which may be considered to be a non-decaying com­
ponent over this period of time. The other measurements were 
limited to the region beyond the range of the Sr9® spectrum 
which has a maximum energy of 550 kev. The results of the 
calculations for the In^ low-energy branch (see In*-*-* 
discussion) indicate that no corrections are needed for the 
presence of the 540-kev beta group from Y90 in the shape-
factor plot E. A Kurie plot from data A is shown in Figure 15. 
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Table 4. Y9® results8. 
a (l/mc2) WQ (mc2) 
A 
01 o
 
o
 
0
 1 t 0.0016 5.4594 ± 0.0013 
B -0.0044 + 0.0016 5.4403 ± 0.0011 
C -0.0034 + 0.0013 5.4409 t 0.0008 
D -0.0038 + 0.0026 5.4426 t 0.0016 
E -0.0080 t 0.0022 5.4401 ± 0.0018 
aNo variations In spectrometer arrangements. 
Since the five values obtained for a are not completely 
Independent, the best estimate from these values Is problem­
atical. The unweighted and the weighted means using all 
values give Identical results with a »-0.0047 1 0.0008 l/mc2. 
The weighted sum of the squared residuals is 3.1. Thus the 
fluctuations are actually less than the expectation value In 
contrast to the results for In 4^ and P®2. 
For WQ the value obtained from the difference spectrum 
(E) was not used. The unweighted mean of the other values 
gives W0 = 5.4453 ± 0.0044 mc2 from which it may be deter­
mined that E0 = 2.271 t 0.002 Mev. A value of 2.26 Mev has 
been computed from the results of eight investigations (38). 
D. Promethium 147 
1 A1J 
Pmx*' was brought into this study for spectrometer 
tests because of its low energy and the availability of 
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carrier-free source materials at high specific activity. 
Furthermore the spectrum had "been extensively studied (6-9) 
and found to have an allowed spectral shape. 
The accepted decay scheme of Pm-^ (54) is shown in 
Figure 16(a). The decay to the ground state of Sm^? ig 
once-forbidden, non-unique ( 5/2 + -*7/2-) with a log ft value 
of 7.6. The statistical (allowed) shape may be expected from 
the theoretical point of view (22). This is because the 
energy Independent Coulomb terms are predicted to dominate 
for VA interaction when the Coulomb energy evaluated at the 
nuclear radius, a Z/R, is much greater than the electron-
neutrino energy, WQ-1. In this case: aZ/R = 49.3(W0-l). 
Possible transitions to a 121-kev excited state [(3x10*5 
photons per beta particle (55,56)], could produce no measure-
able distortion of the spectrum. 
Carrier-free Pm 4^^  was obtained from Oak Ridge. Sources 
were volatilized through a 5-mm orifice onto Formvar films. 
The source used for these results was on a 20- /zg/cm2 film. 
The alpha activity from the decay of Sm 4^? made alpha-gauge 
thickness measurements impossible. From the specific 
activity considerations and from the appearance of source 
films after evaporation, it is estimated that the source 
was « 10 fig/cm2 in thickness. 
The results from six sets of data are shown in Table 5. 
The associated shape-factor plots are shown in Figure 17. 
The standard conditions were considered to be those with 
(i •} 
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Table 5. results 
Data 
set 
Spectrometer 
conditions a ( l/mc2 ) WQ mc2 
A Standard 
-0 .040* 0.011 1.4440*0 .0002 
B l^f# transmission 
-0 .105+ 0.018 1.4444* 0 .0004 
C Standard 
-0 .049* 0.011 1.4451* 0 .0002 
D Standard 
-0 .031+ 0.015 1.4433+0 .0002 
E Standard +0 .016+ 0.022 1.4422* 0 .0003 
F 0.6-cm orifice +0 .029* 0.011 1.4446* 0 .0003 
1.0-cm orifice and three baffles set for transmission 
with 2.4# resolution. The changes in conditions for various 
sets of data are noted in the table. Only points with 
kinetic energy above 60 kev were used. Even with set B 
omitted, because of the indication of scattering distortion 
(see p. 23), the variation in values for a is much greater 
than would be predicted from the individual error estimates, 
as were the results for the other isotopes with the exception 
90 
of Y" . Although the slope obtained with the 0.6-cm orifice 
may not appear to differ significantly from the other results, 
the fact that it differs in the direction of a penetration 
effect and that a definite penetration effect was noted over 
<zp 
the wider energy range of the P data indicates that it may 
have been affected. An unweighted mean of the other values, 
omitting the B and F determination gives a result for a of 
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-0.0261 0.015 l/mc2. Because of the uncertainties indicated 
in the tests for spectrometer fidelity (B and F determina­
tions) these results may be more of an indication of spec­
trometer fidelity in this energy region for standard condi­
tions than a test of the exactness of the conformance of the 
Pm 4^7 beta distribution to theoretical predictions. 
The unweighted mean of the six determinations for WQ was 
1.443910.0004 mc2. Systematic errors in calibration are 
estimated to affect an uncertainty of about 0.0010 mc2 in WQ 
so the maximum kinetic energy is estimated to be 226.81 0.6 
kev which is in agreement with the consensus of published 
results (38). 
A Kurie plot from set D is shown in Figur 18. Although 
the value of a for set D is more negative than that of the 
mean, the Kurie plot shows no indication of disagreement with 
theory beyond the low-energy end where detection losses occur. 
E. Sodium 22 
o p  
The accepted decay scheme for Na (57) is shown in 
Figure 16(b). Essentially 100# of the transitions go to the 
1.27-Mev excited state of Na22 with the ground-state beta 
decay occurring only about 0.06# of the time (58). The 
measured spin and magnetic moment (59) lead to the 3+ assign­
ment for the ground state of Na22. The total conversion 
coefficient of the transition from the 1.27-Mev excited state 
shows this transition to be an E2 transition and leads to 
KURIE PLOT OF Pm147 
12 
II 
10 
9 
8 
7 
6 
5 
4 
3 
2 
,1.4430 
1.0 1.2 1.3 1.4 
W (TOTAL ENERGY IN mc2 UNITS) 
147 
Figure 18. Pm Kurie plot from data D 
67 
the 2+ assignment for the 1.27-Mev level. These spin-parity 
values lead to the conclusion that the 540-kev Na2^  beta 
decay is a pure G-T allowed transition. The high log-ft 
value (7.4) may imply some destructive interference among 
the matrix elements contributing to the decay; however, the 
value is not high enough to predict a measureable shape 
distortion from second-forbidden terms or from cross terms 
between the allowed and second-forbidden matrix elements (6). 
o p  
The beta-gamma angular anisotropy for Na , measured by 
Steffen, 
(60) may lead one to expect definite deviations from the 
allowed shape, however, the much smaller values for the angu­
lar anisotropy found by Stevenson and Deutsch (61) and by 
Daniel and Eakins (62) would not indicate much of a contribu­
tion from non-statistical shape elements. 
The results from five sets of data are shown in Table 6. 
The associated shape-factor plots are shown in Figure 19. 
All measurements were taken under the standard conditions 
except for set D which were taken with the baffle on the 
detector end replaced by a charge-discriminating baffle. 
The last value obtained for a appears to be in contradiction 
to the first four when considered in terms of the individual 
error estimates. However, since in all other cases except 
for Y9® there was more scatter in values than given by such 
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Table 6. Na22 results 
Data Spectrometer 
set conditions 
A Standard 
B Standard 
C Standard 
D Charge-
discriminating 
baffle 
E Standard 
a (l/mc2) WQ mc2 
+0.032 ± 0.007 
+0.028 ± 0.010 
+0.028 ± 0.010 
+0.027 * 0.008 
+0.000 ± 0.007 
2.0694 ± 0.0004 
2.0730 ± 0.0005 
2.0694 ± 0.0006 
2.0703 ± 0.0005 
2.0746 ± 0.0005 
estimates, this value was not disregarded. An unweighted 
deviation analysis gives a value for the shape-factor slope, 
a = 0.023 ±0.006 l/mc2. The maximum energy value, similarly 
obtained, is W0 = 2.0713 ±0.0010 mc2. From consideration 
of calibration errors, a value for E0 of 547.4 ±1.0 kev was 
obtained. This is slightly higher than values given by 
previous investigators (32,58,63). 
The Kurie plot from set A is shown in Figure 20. No 
deviation from the allowed shape is indicated although the 
value for a in this case was slightly larger than the value 
obtained from the mean. 
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VII. CONCLUSIONS 
The beta spectrum of p32 has been measured and found 
to have a somewhat linear deviation from the allowed shape. 
The value for a (rO.0133 * 0.0011 l/mc2) gives a magnitude of 
3g# for the total deviation over the energy range from 250 
kev to 1600 kev. This is in good agreement with the results 
of Porter, jst al. (30) particularly since their method of 
analysis (in which a Kurie plot for E>2/3 EQ was used to 
obtain W@) would give a slightly reduced shape-factor slope. 
It is much smaller than has been predicted from theoretical 
considerations of Jt -forbiddeness (27,28,29). 
Smaller deviations were obtained in the shape factor 
plots of In114 (a = 0.0036±0.0021 l/mc2) and Y90 (a = -0.0047+ 
0.0008 l/mc2) with the In* 4^ results not in definite disagree­
ment with theory. Any instrumental distortions which may be 
conceived to account for the deviation in Y9° would be expect­
ed to affect the In- 4^ results in the same direction so it is 
concluded that at least one of the two has a real deviation 
from the theoretical shape and to a lesser degree of confi­
dence that there is some deviation from theory in the spectrum 
of Y9^ . In fact, since In1^ 4 and Y9® cover essentially the 
•Zp 
same energy range as P and all three have somewhat linear 
shape-factor plots, any instrument bias is expected to have 
about the same effect on the three resulting shape-factor 
slopes. 
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A value of -0.0261 0.015 l/mc2 wag obtained for the 
14 7 
slope of the Pm shape factor over the energy range from 
60 kev to 200 kev which lies below the minimum energy of the 
In"*""*"4, P®2, and Y9® shape-factor plots. Tests for fidelity 
suggested the possibility of some distortion in the negative 
direction due to scattering. Therefore these results are 
viewed more as an indication of instrumental fidelity in the 
low-energy region rather than a valid test of theoretical 
accuracy. 
The shape factor obtained for Na22 was sloped slightly 
with a =-0.023± 0.006 l/mc2. About half the Na22 shape-
factor plot was in the energy interval of Pm 4^7 and half in 
the lower portion of the interval for In^\ P 2^, and Y^. 
Therefore, it is difficult to make any definite conclusions 
22 
about the comparative results of Na and the other shape-
factors . 
In all cases the Kurie plots appeared quite linear 
32 
except for P which curved upward very slightly on the low-
energy end. 
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X. APPENDIX: CORRECTION OP SPECTRA FOR DISTORTION 
DUE TO FINITE RESOLUTION 
A general treatment of the problem of spectrometer 
resolution corrections has been given by Owen and Primakoff 
(40). In the case where the magnetic field shape is constant 
and where there are negligible scattering and penetration 
effects, the problem is somewhat simplified. Consider a 
magnetic field which is proportional to the spectrometer 
current I. (Any other parameter which is similarly related 
to the magnetic field distribution, such as the field at a 
reference point, maybe substituted for I.) as the current 
changes, the momentum of the electrons which may follow any 
given path or set of paths is changed proportionally. Thus 
the transmission efficiency of the spectrometer for electrons 
of momentum 17' may be expressed as a function of 17• 
Let 17 = kl be defined as the momentum setting of the 
spectrometer with current I. In the case of peak calibration 
77 is the momentum for which the spectrometer transmission 
is maximum. Because of the one-to-one correspondence between 
17'/! and 17'/17 -1, the absolute transmission efficiency, 
tC7?',1?)# of the spectrometer at a setting 17' for electrons 
of momentum 77 may be written 
T ( 1  ', 1  )  = T ( 17 '/ l  -  1 ) = T (e ) 
where e = (171  -17)/^ . If electron momenta are expressed 
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in current units, I* = 17 '/k, then e = 1 ^  1 . 
The shape of the transmission function may be obtained 
from the spectrum of a sharp line distribution such as from 
an internal-conversion process. If there are N electrons per 
unit time with the momentum, in current units, IQ, then the 
counting rate 
N(I) = N t ( e ) 
where e = ^o"** . (3) 
Note that when I is less than IQ then e is positive, i.e., 
the order of N(I) is inverted when plotted as a function of 
€ (see Figure 8). 
For a continuous momentum distribution, if M( 77f ) is the 
number of electrons per unit momentum interval per unit time 
in the interval between 77 ' and 77 ' + d 771, the counting rate 
N( 77 ) at the momentum setting 77 may be written as 
N( 7 7  )  =  J  M( 7 7  ')r j d 7 7 f ,  »77^M(77 ' ) r (e) d €  .  
M( 77 ' ) may be expanded in a Taylor series about 77 as 
follows s 
M( 7 7 ' )  =  M ( 7 7  )  +  M*(?7)(77'. 7 7  ) +  M" ( ^  )  L l - Z l l l  . . . .  
= M( 77 ) 
from which one obtains the expression 
1 + 
212-1 = K( 7) ) T 
6  T t T v )  * • • •  
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where 
T = Jt ( e ) de and e11 T = j^ r C e î d c .  
This series will converge rapidly where M( 17 ) has diminishing 
higher-order derivatives and where t ( e ) vanishes outside 
an interval of about ten percent or less. If the calibration 
is chosen so that ê = 0, i.e., using the centroid of the 
transmission function as the reference point, then to a close 
approximation 
2 
= M( V ) T [ 
2 M ( 1? ) 
and the momentum distribution is given by 
M( 77 ) = N( 77 ) 
V  
T 
Where the resolution correction is small, the quantity 
M-, ( 17 ) = ^ 1 ) 
x  V  
may be taken for the shape of M( 17 ). A better representation 
of the shape may be obtained from 
[• ' 
Successive iteration of these approximations into the resolu­
tion correction factor 1 + 4! At ? T5 
M ( 17 ) 6 
cally lead to an arbitrarily close representation of M( 17 ). 
would theoreti-
A matrix inversion involving higher-order derivatives of 
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may also be used (41,64). However, statistical errors 
In the data points from which the derivatives of ZlZL) are 
obtained will usually make these higher-order approximations 
of little value. When the momentum distribution is known to 
be close to the theoretical form, as for the spectra studied 
in this research, the theoretical momentum distribution may 
be used in evaluating the resolution correction. Such a 
procedure was incorporated in the IBM 650 program (see p. 42). 
If the spectrometer is calibrated for some point other 
than the centroid of the transmission function, such as the 
transmission peak, then the centroidal calibration constant 
kg may be obtained from the first calibration constant k^. 
Let i?2. and be the spectrometer momenta associated with 
the first calibration and the centroidal calibration, respec­
tively. The first moment of the normalized transmission 
function in the centroidal system, Tg, is given by 
from which T = V q  • 
Thus the first moment of the normalized transmission func­
tion in the previous reference system is 
ei ™ "Tf1 = % -1 = $î -1 L1 
or k2 = k-Ld + TJ). 
n 
Similarly the second moment in the centroidal system €g may 
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be obtained in terms of the first and second moments from 
the previous calibration system by the relation 
"7s = T5 - (T)8 . 
The peaks of the Th(B+C+C ) lines were used for the 
first calibration constant k. The Reconversion line from 
the 192-kev In^^" transition was then plotted using the 
equivalent reference point, i.e., IQ = Ip where Ip was the 
peak of the line. Taking equally spaced « values from this 
plot, ethe moments of the transmission function were 
evaluated from the relations 
-ft* 
where = N(e^). These were then used to obtain the 
centroidal calibration constant and to evaluate the second 
moment in the centroidal system. 
In many cases, the K- and L-conversion lines are not 
resolved by the beta spectrometer. If the K/L ratio, R^, 
is known, the moments of the normalized transmission function 
may be obtained from the composite line. Let and be 
the momenta and Ng and the numbers per unit time of the 
K and L electrons, respectively. The counting rate, ), 
with the spectrometer setting, 17 , is 
N(l)= NKT(tK) + 
I v  -  V  I t " V  
where e v = _2± and e_ = •L . 
7) L 77 
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One may write 
where 
€ - r  =  
KL 
_ K 
^ 
eL * £KL and acK 
% 
If N(i?) is plotted as a function of eK, the area under the 
curve 
Jn(t7) deK = RJ N^L jr(eK)d + NL jT(€L) ^  <*« 
= V RKL + V, 
The first moment, e , of the normalized composite line is 
given by r -
| «KK(7))d«1(. e nKL 
€ ' = 
Thus the first moment of the normalized transmission function 
may be obtained. 
€ = 
RKL + 7). e1L!ES) 
Similarly 
"75 
2 € 
€ = 
r k l +  ^  
R' KL + ("l) 
Equivalent expressions may obviously be developed for evalu­
ating the moments of the transmission function in terms of 
the composite line moments about the L-line reference. 
